Aims/hypothesis Somatostatin secretion from islet delta cells plays an important role in regulating islet function and is tightly controlled by environmental changes. Activation of the adrenergic system promoted somatostatin secretion from islet delta cells; however, the role of the adrenergic system in regulating somatostatin content and transcription has not been defined. An imbalance between the somatostatin content and its secretion may cause dysfunctions in the islet delta cells. We have investigated the role of the adrenergic system in the modulation of somatostatin content and transcription in pancreatic delta cells and the detailed underlying mechanisms of this regulation. Methods The stress hormone adrenaline (epinephrine), specific adrenergic agonists or specific adrenergic antagonists were applied to islets from either wild-type or specific adrenergic receptor knockout mice and pancreatic delta cell lines to investigate their effects on somatostatin content and transcription. The GloSensor assay, quantitative real-time PCR, western blots and the dual luciferase assay were used to monitor the cAMP level, somatostatin expression, activations of kinases and transcriptional factors. Arrb1 knockout mice, specific Creb or Pax6 mutations and specific kinase inhibitors were used to dissect the signalling pathway. Results Adrenaline and isoprenaline increased somatostatin content and transcription through the activation of β1-/β2-adrenergic receptors (β1-/β2ARs). The somatostatin content in β1AR
Introduction
The islets of Langerhans contain multiple types of endocrine cells, which produce glucagon (alpha cells), insulin (beta cells), somatostatin (delta cells), pancreatic polypeptide (PP cells) and ghrelin (epsilon cells). The crosstalk between these cells forms a finely tuned network that controls hormone release and maintains normal growth and survival of the islets. For example, somatostatin secreted from the islet delta cells regulates the responses of the islet beta and alpha cells to physiological changes [1, 2] . An increase in the circulating glucose concentration triggers the release of somatostatin from the pancreatic delta cells, which exerts inhibitory effects on both insulin secretion from the beta cells and glucagon secretion from the alpha cells [1, 3, 4] . While somatostatin limits the insulin response to glucose in an inhibitory circuit, it is essential for the effect of glucose in decreasing glucagon secretion from alpha cells [1] . Therefore, somatostatin is an important intra-islet-circuit hormone. An inappropriate somatostatin level may lead to disorders of islet function.
In the pancreatic delta cells, somatostatin is tightly controlled to react to environmental changes. The adrenergic system, which is activated by either adrenaline (epinephrine) released from the adrenal medulla or noradrenaline (norepinephrine) released from the sympathetic nerves, is one of the most important regulators of delta cells and adapts islets to increased psychological or physical demands [5] [6] [7] [8] . Previous studies have demonstrated that activation of the adrenergic system in pancreatic delta cells promotes somatostatin secretion, mainly through β-adrenergic agonism [6, 7, 9] . However, the effects of activating the adrenergic system on the somatostatin level in pancreatic delta cells are not known.
Here, we demonstrate that the activation of the adrenergic system promotes an increase in the somatostatin level and transcription. Mechanistically, both the Gs-cAMP response element binding protein (CREB) and the β-arrestin 1-paired box protein 6 (PAX6) pathways mediate the adrenergic effects Fig. 1 Activation of the adrenergic system increased the somatostatin level through β1ARs and β2ARs. (a) ELISA determination of the somatostatin level in islets (includes both islet somatostatin content and secreted fraction). Islets (80) from C57BL/6 mice (n=8) were stimulated with 1 μmol/l adrenaline, adrenaline+10 μmol/l phentolamine or adrenaline+10 μmol/l propranolol. Black circles, non-stimulated islets; squares, adrenaline; triangles, adrenaline+phentolamine; white circles, adrenaline+propranolol. (b, c) The mRNA (b) and protein levels (c) of β1AR, β2AR and β3AR in the mouse muscle tissue (I), the pancreatic 
−/− mice with a C57BL/6 background as described previously [5, 10] . Islets were isolated from adult mice using collagenase P as described previously [11, 12] . Detailed information on the animals and islet isolation are described in the electronic supplementary material (ESM) Methods.
Cell culture conditions and treatments TGP52 cells or isolated islets were exposed to the adrenergic agonists and/or antagonists for the entire time before they were harvested. See ESM Methods for details regarding cell culture and chemical usage.
Somatostatin measurement Twenty/eighty islets were treated with adrenaline and/or other reagents, collected at the indicated time points and boiled at 100°C for 15 min to measure the cellular contents; the supernatant fraction was collected to measure the secreted fractions. See ESM Methods for additional details.
GloSensor cAMP assay See ESM Methods for details. Data analysis All data are presented as the means ± SD of at least three independent experiments. Statistical comparisons were carried out using ANOVA with GraphPad Prism5 software (www.graphpad.com/company/, USA). Differences were considered significant at * , † p<0.05 and ** , † † p<0.01. The sequence alignments were performed using the T-coffee multiple sequence alignment program (www.expasy.org/, Switzerland).
Results
Activation of the adrenergic system increased the somatostatin level in the islets of Langerhans Incubating the islets with adrenaline increased the somatostatin level between 4 and 8 h ( Fig. 1a and ESM Fig. 1 ). Whereas the β-adrenergic blocker propranolol significantly decreased the effect of adrenaline, the α-adrenergic blocker phentolamine produced no detectable change (Fig. 1a) . Specific β-adrenergic agonism by isoprenaline stimulation also significantly elevated the somatostatin level in the islets but with a different peak time, which may be due to its greater effectiveness in the stabilisation of the receptor-effector complex when compared with adrenaline ( Fig. 1e and ESM Fig. 2 ) [13] .
There are three β-adrenergic receptors in humans that respond to isoprenaline stimulation. The mRNA and protein levels of both the β1-and β2-adrenergic receptor (β1AR and β2AR) were lower, but detectable, in the pancreatic somatostatin-containing cell line (TGP52) compared with the muscle cells; however, the expression of β3-adrenergic receptor (β3AR) was significantly lower ( /β2AR +/+ or the wild-type mice in the unstimulated state, suggesting an essential role for β-agonism in maintaining normal somatostatin levels in vivo (Fig. 1d , e and ESM Fig. 1 ). Taken together, these data indicate that the adrenergic system is important for the maintenance and regulation of somatostatin level in delta cells, mainly through the activation of β1-and β2ARs.
Activation of the adrenergic system increases somatostatin mRNA level We next determined whether the transcription of somatostatin was upregulated by adrenaline and isoprenaline. The application of either adrenaline or isoprenaline significantly increased the somatostatin mRNA level ( 
/β2AR
−/− mice abolished the effects of both adrenaline and isoprenaline on somatostatin mRNA level ( Fig. 2a, b) . We next used specific β-adrenergic receptor antagonists to dissect the contribution of each receptor to somatostatin transcriptional activation. The application of either the β2AR antagonist ICI118,551 or the β1AR antagonist metoprolol significantly reduced, but did not abolish, the isoprenaline/adrenaline-induced increase in somatostatin mRNA ( Fig. 2d, e) . Blockade of both β1-and β2ARs by the non-selective β-blocker propranolol eliminated the isoprenaline-induced effects (Fig. 2e) . Therefore, the combined activation of both β1-and β2ARs mediates the adrenergic effects on the somatostatin mRNA increase, predominantly through transcription.
Synergic regulation of somatostatin transcription by the Gs-protein kinase-CREB and β-arrestin 1-extracellular signal-related kinase signalling pathways In general, activated β1-and β2ARs primarily couple to Gs, initiating the adenylate cyclase (AC)-cAMP-protein kinase A (PKA) signalling pathway, which results in the 'first wave' of cellular effects [14] [15] [16] . In addition, β2ARs can also activate Gi signalling or form receptor-arrestin complexes to initiate the 'second wave' of signalling [16, 17] . We investigated the expression of key effectors downstream of the β-adrenergic receptors. Compared with the pancreatic beta cell line MIN6, the pancreatic delta cell line TGP52 had similar expression levels of Gs/Gnas, Gi2/Gnai2, Gi3/Gnai3 and β-arrestin 2, lower levels of Gi1/Gnai1, GOA/ Gao1 and GOB/Gao2 and higher levels of β-arrestin 1 Fig. 3 Coordinated regulation of somatostatin transcription by the Gs-PKA-CREB and β-arrestin 1-ERK signalling pathways. (a, b) Expression of several important signalling components downstream of the β-ARs in mouse muscle tissue, MIN6 cells or TGP52 cells. mRNA levels were determined by quantitative real-time PCR (official gene symbols Gnas, Gnai1, Gnai2, Gnai3, Gao1, Gao2) (a) and protein levels were determined by western blotting (b). (c) GloSensor assay was used to examine the dynamic effects of isoprenaline on the cAMP level in TGP52 cells with different β-adrenergic blockers. Black circles, control; white diamonds, 10 μmol/l isoprenaline; inverted black triangles, 10 μmol/l isoprenaline and 10 μmol/l propranolol; white circles, 10 μmol/l isoprenaline and 10 μmol/l ICI118,551; black triangles, 10 μmol/l isoprenaline and 10 μmol/l metoprolol. (Fig. 3a, b and ESM Fig. 6 ). We then monitored the kinetics of the isoprenaline-induced intracellular cAMP changes. Application of isoprenaline significantly increased cellular cAMP levels in pancreatic delta cells (Fig. 3c) . Propranolol or ICI118,551 treatment significantly decreased the isoprenaline-induced cAMP increase, whereas application of metoprolol alone reduced the effect of isoprenaline on cAMP levels at early time points. The phosphorylation of CREB at S133 was significantly increased, consistently, downstream of the cAMP-PKA pathway (Fig. 3d) . In addition to inducing CREB phosphorylation, β-adrenergic agonism also activates Akt and extracellular signal-related kinase (ERK) [5, 17, 18] . In contrast to the two phases of ERK activation by glucagonlike peptide 1 in the pancreatic beta cells, ERK activation induced by isoprenaline treatment in TGP52 cells is monophasic [19] . Akt phosphorylation in our study, however, showed no significant change (Fig. 3d, e) . Further, application of the PKA inhibitor H89 selectively blocked isoprenalineinduced CREB phosphorylation, and the knockdown of endogenous β-arrestin 1 levels, but not β-arrestin 2 levels or the inhibition of PKA activity, selectively inhibited ERK phosphorylation (Fig. 3f-i) . Therefore, Gs-cAMP-PKA-CREB and β-arrestin 1-ERK are two parallel signalling pathways downstream of β-agonism in TGP52 cells. Moreover, the knockdown of β-arrestin 1 or the application of the PKA inhibitor H89 or the ERK pathway inhibitor U0126 significantly reduced the isoprenaline-induced somatostatin mRNA increase (Fig. 3j, k and ESM Fig. 7 ). The combination of U0126 and H89 eliminated the effects of isoprenaline (Fig. 3k) . Taken together, these data indicate that two signalling pathways, Gs-cAMP-PKA-CREB and β-arrestin 1-ERK, cooperatively mediate the effects of β-agonism on somatostatin transcription.
PAX6 and CREB mediate isoprenaline-induced somatostatin transcription To define the minimal promoter region of somatostatin needed for the response to isoprenaline in pancreatic delta cells, we generated a series of 5′-deletion constructs and fused them to firefly luciferase to evaluate their activity in TGP52 cells (Fig. 4a, b) . Deletion of −2,000 to −1,200 increased the isoprenalineinduced somatostatin luciferase activity, suggesting a negative control element in this upper promoter region. Deletion between −1,200 and −226 reduced promoter activity by 30% and deletion between −109 and −8 abolished somatostatin promoter activity (Fig. 4a-c) . Therefore, the essential positive control elements for isoprenaline-induced somatostatin transcription are primarily localised between −109 and −6, and additional positive control elements reside between −226 and −2,000.
The somatostatin promoter region between −109 and −6 encompasses the cAMP response element (CRE) enhancer and domains B/C of the SMS-UE enhancer [20] . Three transcriptional factors, CREB, pancreatic and duodenal homeobox 1 (PDX1) and PAX6, have been identified as binding to the somatostatin promoter region between −109 and 100 [20] [21] [22] (Fig. 4c) . We then transfected the SS-P1 luciferase construct, which confers the maximal isoprenaline-induced transcriptional activity, together with CREB, PDX1, or PAX6 in TGP52 cells. Isoprenaline-promoted SS-P1 transcriptional luciferase activity significantly increased upon co-transfection with CREB or PAX6, but not with PDX1 or PDX4 ( Fig. 4d and ESM Fig. 8) . Deletion of the −109 to −6 region abolished the effects of CREB and PAX6 (Fig. 4c, d) . Moreover, whereas the knockdown of PDX1 had little effect on the isoprenaline-induced somatostatin mRNA increase, the knockdown of PAX6 or CREB levels significantly decreased the effects of isoprenaline (Fig. 4e, f) . Therefore, PAX6 and CREB are required for β-agonism-promoted somatostatin transcription by interacting with the −109 to +100 region of the somatostatin promoter.
Regulation of somatostatin promoter activity by the isoprenaline-PKA-CREB signalling pathway CREB is a well- [21, 23] . The consensus CRE ACGTCA between −51 and −45 of the somatostatin promoter is the CREB binding site (Fig. 5a) . Accordingly, mutation of the CRE abolished CREB-mediated SS-P1 luciferase activity ( Fig. 5b and  ESM Fig. 9a) .
Phosphorylation of CREB at position 133 by PKA has been established as a critical step for the activation of 
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somatostatin transcription by recruiting CREB to the transcriptional complex [21] . The CREB-mediated SS-P1 luciferase activity was specifically blocked by either H89 or cotransfection with the CREB-S133A mutant, but not the U0126 (Fig. 5c, d and ESM Fig. 9 b, c) . Therefore, the PKA-CREB-pS 133 signalling pathway underlies the isoprenaline-promoted somatostatin transcriptional activation.
β-Arrestin1/ERK-dependent PAX6 phosphorylation of pS 133 and pS 398 underlies isoprenaline-induced somatostatin promoter activity PAX6 and PDX1 have been reported to form a complex to regulate somatostatin promoter activity [22] . Mutation of the PAX6 binding site in the SMS-UE abolished the PAX6-mediated SS-P1 luciferase activity after isoprenaline stimulation ( Fig. 6a and ESM Fig. 10a ). Co-transfection with PAX6 and PDX1 further increased the isoprenaline-stimulated SS-P1 luciferase activity (Fig. 6b and ESM Fig 10b) . Additionally, mutation in the PAX6 binding site or the neighbouring PDX1 binding site in SMS-UE, but not the remote PDX1 binding site, reduced the PAX6 activity (Fig. 6b) . Therefore, the PAX6-PDX1-SMS-UE ternary Fig. 7 Functional importance of PKA activity, ERK activity and β-arrestin 1 in isoprenaline-induced somatostatin increase. (a) ELISA determination of the 10 μmol/l isoprenaline-stimulated somatostatin increase in islets from wild-type mice (C57BL/6, n=8), islets pre-incubated with U0126 or H89 or islets from Arrb1 −/− mice or Arrb2 −/− mice (n=6). Batches of 20 islets each were stimulated with or without isoprenaline. Data represent at least three independent experiments and are presented as a ratio of the basal levels. *p<0.05 and **p<0.01 compared with the nonisoprenaline-stimulated islets; † p<0.05 and † † p<0.01, inhibitor or knockout mice compared with control mice. Light-grey bars, non-isoprenalinestimulated cells; dark-grey bars, isoprenaline. (b) Model of the adrenergic system activation in the regulation of the somatostatin level. The stress hormone adrenaline or the β-agonist isoprenaline binds and activates β1-and β2ARs, which then activate two signalling pathways: the Gs-ACcAMP-PKA-CREB pathway and the β-arrestin 1-ERK-PAX6 pathway complex mediated somatostatin transcription following stimulation with isoprenaline.
Within different inhibitor applications, H89 produced no significant difference in the PAX6-mediated SS-P1 luciferase activity; however, the specific ERK pathway inhibitor U0126 eliminated the PAX6-mediated response after the isoprenaline induction ( Fig. 6c and ESM Fig. 10c) . We then generated a series of PAX6 mutations at potential ERK phosphorylation sites and examined their effects (Fig. 6e and ESM Fig. 10d) . Mutations in the N-terminal paired domain or paired-type homeodomain at S65, S96 or S216 had no effect on isoprenaline-induced PAX6 activity; however, mutations in the transactivation domain at either S313 or S398 abolished the PAX6 responses (Fig. 6e) . Moreover, the isoprenalineinduced PAX6 phosphorylation by ERK was reduced in PAX6-S313A, PAX6-S398A and PAX6-S313A/S398A mutants (Fig. 6f, g ). These data suggest that ERK phosphorylation of PAX6 at pS 313 and pS 398 regulates PAX6 activity in response to isoprenaline stimulation. Consistent with the important role of β-arrestin 1 in ERK activation after isoprenaline stimulation, reducing endogenous β-arrestin 1 levels impaired isoprenaline-induced PAX6 activity, whereas reducing endogenous β-arrestin 2 levels had little effect ( Fig. 6h  and ESM Fig. 10e ). Taken together, the β-arrestin 1-ERK signalling pathway phosphorylates PAX6 at S313 and S398, which underlies the PAX6-mediated transcription of somatostatin after isoprenaline stimulation.
Somatostatin increase induced by β-agonism is mediated by the PKA-CREB and β-arrestin 1-ERK pathways Finally, to understand the functional relevance of the PKA-CREB and the β-arrestin 1-ERK-PAX6 pathways in the increase in somatostatin content induced by β-agonism, we monitored the effects of isoprenaline on wild-type islets, islets pre-treated with H89 or U0126, or islets from Arrb1 −/− or Arrb2 −/− mice (Fig. 7b) . Whereas there was no significant change in the Arrb2 −/− mice compared with the control C57BL mice, the application of either H89 or U0126 significantly reduced the isoprenaline-promoted somatostatin increase, and the Arrb1 −/− mice displayed a reduced somatostatin increase similar to the effects observed with application of U0126 (Fig. 7a) . Taken together, these data indicate that both the PKA-CREB and the β-arrestin 1-ERK signalling pathways are required for the increase in somatostatin induced by β-agonism (Fig. 7b) .
Discussion
The somatostatin level in pancreatic delta cells must be precisely regulated to fulfil the secretion demand. An imbalance between hormone release and synthesis can stress the secreting cells and impair their function. For example, longterm exposure of the beta cells to fatty acid-promoted insulin secretion in the presence of pre-insulin synthesis inhibition has been implicated in the development of diabetes [24] . Previous work has demonstrated that the acute presentation of the stress hormone adrenaline potently stimulates somatostatin release from pancreatic delta cells; this process forms part of the finely tuned signalling network that regulates the function of the islets of Langerhans [6, 7, 9] . However, it was not known whether adrenaline also increases somatostatin levels to fulfil the demand for somatostatin secretion. Here, we demonstrated that activation of the adrenergic system significantly increases the somatostatin level in pancreatic delta cells, mainly through the activation of β1-and β2ARs (Figs 1 and 2) . These results elucidate the fine-tuning mechanism for stress regulation of somatostatin content and transcription, in addition to its known role in somatostatin release. Moreover, we found that β1AR
−/− /β2AR −/− mice had much lower somatostatin levels in islets when compared with their wild-type littermates. Therefore, β-adrenergic agonism is required for maintaining the normal somatostatin level in vivo, and a dysfunction in β-adrenergic agonism may impair the synchronised signalling network for the islets of Langerhans. Downstream of β1AR and β2AR activation in a pancreatic delta cell line, we have identified two major signalling pathways that regulate somatostatin transcription. One is the Gs-PKA-CREB-pS 133 pathway, and the other is the β-arrestin 1-ERK-PAX6-pS 313 pS 398 pathway (Fig. 7) . The stronger effect of the rapid response of the Gs-PKA-CREB pathway, compared with the slower β-arrestin 1-ERK-PAX6-pS 313 pS 398 pathway, may indicate an acute demand for an increased somatostatin level in the pancreatic delta cells in response to β-agonism (Fig. 7a) . Moreover, the G-protein-coupled receptor (GPCR)-regulated PAX6 activity in somatostatin transcription has not been characterised [23, 25, 26] . Knockdown of PAX6 significantly reduced isoprenaline-induced somatostatin transcription, suggesting an essential role for PAX6 in the stress response, in agreement with its functional importance in maintaining pancreatic cell-type specificity and pancreatic development [27] [28] [29] [30] 361 and pS 398 in humans, respectively) are potential phosphorylation sites downstream of ERK [31] . However, only the phosphorylation of the S413 site shows functional relevance in the regulation of PAX6 transcriptional activity [31] . In addition to the functionally relevant S398 site, we demonstrated that phosphorylation of PAX6 on S313 is also required for PAX6-mediated somatostatin transcription (Fig. 5e) . Future biochemical studies to characterise the functional importance of pS 313 on PAX6 may provide further insights into the details of PAX6 regulation and somatostatin transcription.
In addition to canonical G-protein signalling, the importance of β-arrestin-mediated (GPCR) signalling has recently been recognised [32] [33] [34] . New studies have revealed that β-arrestin 1 is a major downstream mediator of GPCRs, such as β2AR, GLP-1R, M3R and A1TaR, and is involved in genome stability, pancreatic beta cell function, podocyte activation and renal injury [5, 19, 35, 36] . However, the functional importance of β-arrestin 1 in pancreatic delta cells had not been investigated. Here, we have demonstrated that β-arrestin 1/ERK signalling is one of the major players in the regulation of somatostatin transcription induced by β-agonism. Compared with Arrb1 +/+ mice, the Arrb1 −/− mice showed a lesser response to the effects of isoprenaline on somatostatin increase (Fig. 7a) . The β-arrestins are important regulators for GPCRs, which are activated by numerous physiological or pathological stimuli. Thus, β-arrestin-mediated somatostatin transcription may be a general mechanism downstream of many GPCRs in the regulation of pancreatic delta cell function.
